The possibility of studying non-thermal electron energization in laser-driven plasma experiments of magnetic reconnection is studied using two-and three-dimensional particle-in-cell simulations.
the fully relativistic, state-of-the-art PIC code OSIRIS [23] [24] [25] [26] we perform two-dimensional (2D) and, for the first time, three-dimensional (3D) simulations in realistic experimental conditions and geometries. We demonstrate the possibility of detecting electrons with energies more than an order of magnitude larger than the thermal energy in conditions relevant to current experiments. The electrons are accelerated primarily by the reconnection electric field, with the randomness associated with injection at varied distances from the X-points and escape from the finite-sized system leading to a non-thermal component with a powerlaw shape. Furthermore, a fraction of the electrons can be trapped in plasmoids, slowly gaining further energy due to the drifting motion of the plasmoid. An estimate for the maximum electron energy and a threshold condition for suprathermal energization are given in terms of experimentally tunable parameters, which can guide future studies of particle acceleration induced by reconnection in laser-driven plasmas.
We simulate the interaction between two expanding, magnetized plasma bubbles, consistent with previous PIC studies [27] [28] [29] [30] (Figs. 1(b) and 1 (c) ). The simulations start when the bubbles are about to interact, and thus do not model the initial generation of the plasma or magnetic field. However, they capture the most important features of the system such as finite size and driven inflows, allowing them to be connected to a number of experimental geometries [31] . The bubbles are centered at R (1) = (0, R, 0) and R (2) = (0, −R, 0), with the radial vectors from the bubble centers being r (i) = r − R (i) . Here R is the radius of each bubble when they begin to interact. The initial density profile is n b + n (1) + n (2) where
if r (i) < R 0 , 0 otherwise. Here, n b = 0.01n 0 is a background plasma density, and R 0 is the initial bubble radius, which we typically take to be 0.9 − 1.0R. The velocity profile is
0 otherwise. The initial magnetic field is divergence free and corresponds to the sum of two oppositely aligned ribbons,
is the initial half-width of the magnetic field ribbon. θ (i) and φ (i) are the polar and azimuthal angles, respectively, of spherical coordinate systems originating at the bubble centers. For the 2D simulations, which model the plane The boundaries along the outflow directions are absorbing for the particles initially in the plasma bubble, thermal re-emitting for the particles initially in the background plasma, and an absorbing layer [32] for the electromagnetic fields. The energy spectra presented are integrated over the electrons initially in the bubbles. Simulations with larger domains confirm that the boundaries are not affecting the results. Periodic boundaries are used along the inflow direction, taking advantage of the antisymmetry of the system. We note that the majority of reconnection simulation studies employ periodic boundaries in the direction of the reconnection outflows and thus may suffer unphysical effects from recirculating particles and radiation. Studying particle acceleration in the finite-sized systems of laser-driven plasmas would yield critical insight for understanding the role of boundary conditions and particle escape in models of reconnection.
To directly match laboratory conditions of interest (e.g. those generated with the OMEGA EP laser [19] ) we model a range of Alfvénic and sonic Mach numbers,
and C S = ZT e /m i is the sound speed. We also match the high experimental plasma beta, We first analyze in detail the 2D simulation with M S = 2 and M A = 4. We observe that the early evolution of the system is consistent with previous studies using this configuration [27] [28] [29] [30] . As the plasma flows bring in the magnetic flux at super-Alfvénic speeds, the plasma is compressed by the ram pressure and the amplitude of the magnetic field increases by a factor of ≈ 1.65. A current sheet forms on the order of the ion inertial length, which is the scale at which electrons and ions decouple, enabling fast reconnection mediated by the Hall effect [34] . The current sheet is then unstable to the tearing instability, and we observe the formation of a single plasmoid, consistent with linear theory which predicts k max δ = 0.55, where δ ≈ 1.41 c/ω pi is the half-width of the current sheet [33] . For the range of conditions simulated we typically observe magnetic field enhancement by a factor of 1. ) shows that the electric field in the diffusion region is predominantly supported by the Hall and off-diagonal electron pressure tensor terms, in agreement with previous kinetic studies of reconnection starting from the Harris equilibrium [34] and laser-driven reconnection [27] . For the geometry of our configuration the typical value of the reconnection electric field in the diffusion region is E ≈ 0.5V 0 B 0 (Figure 1(c) ). In terms of the local Alfvén speed and compressed magnetic field, we find E ≈ 0.3V A B at t/t d = 0.25, when the plasmoid is just beginning to form.
After the onset of reconnection, the finite size of the plasma bubbles results in reconnection outflows that are directed out of the interaction region. Figure 1(d) shows the temporal evolution of the electron energy spectrum for this simulation. We observe the development of a non-thermal component with energies up to ≈ 50 k B T e that resembles a power law with index P ≈ −5.3. In Figure 2 (a), a distribution of energetic electrons is seen in the reconnection region. The energy decreases with distance from x = 0, which is approximately the location of the X-point before the plasmoid forms.
At a later time, shown in Figure 2 (b), energetic electrons are seen both to escape in the plasma outflows and to be trapped in a peak at the location of the single plasmoid that forms in the simulation. The most energetic electrons are trapped at t/t d = 0.5. In a realistic 3D system, which we will discuss later, the trapped electrons would also escape the reconnection region, but along the z-direction.
In order to understand the details of the particle acceleration, we tracked the detailed Figure   2 (c)), become trapped in a plasmoid (as in Figure 2(d) ), or travel around the bubble along the field lines. The electrons that escape the reconnection region lose some of their energy to the in-plane polarization electric field (Figure 2(e) ), whereas the trapped electrons can be further accelerated due to the motion of the plasmoid. The energization rate is seen to decrease for the trapped electrons, as shown in Figure 2 (f). In this simulation the plasmoid is slowly drifting along the outflow direction, and thus the trapped electrons see an out-ofplane motional electric field with alternating polarity (Figure 1(c) ) as they circle inside the plasmoid [5] . Plasma flowing into the drifting plasmoid from the bounding X-points leads to an asymmetry in its motional electric field, allowing trapped electrons to gain further energy. Simulations with a single bubble confirm that the electric field from the bubble expansion does not significantly energize particles.
In Figure 3 (a) we observe that the low-energy portion of the electron distribution is well fitted by a Maxwell-Boltzmann distribution (blue dashed line) and that there is a nonthermal component that starts at ∼ 5k B T e and resembles a power-law with an index of ∼ 5.3 and an exponential cutoff at ∼ 20k B T e (red dashed line). Periodic simulations for the same plasma parameters but transversely infinite profiles (not shown here) show that in much larger systems the power-law component extends to higher energies and has a harder index of ∼ 3.5, indicating the importance of particle escape in finite systems. The comparison with transversely infinite systems will be discussed in detail elsewhere. At the end of the simulation (t/t d = 0.5), the non-thermal component contains ∼ 8% of the initial energy of interacting electrons, ∼ 24% of the initial energy stored in the magnetic field, and ∼ 1% of the total number of electrons initially in the bubbles. Previous work has shown that the presence of plasmoids may give rise to Fermi-acceleration mechanisms [8] . Calculating d /dt as a function of for the tracked particles (where is energy) shows an energization rate that is approximately constant, indicating that the dominant acceleration mechanism producing the energetic electrons is not Fermi acceleration. This is likely to require a much larger number of plasmoids and thus a more energetic laser drive than that used in current 6 experiments. We note that even in the simulations with up to 3 plasmoids we do not observe evidence of Fermi acceleration associated with the plasmoids. In our case, the distribution of energies for the accelerated electrons is established as electrons are injected into the diffusion region at varied distances from the X-points and escape the diffusion region at different times.
The electrons that interact nearer to the X-point are exposed to the reconnection electric field for a longer amount of time before the in-plane magnetic fields direct them out of the diffusion region, allowing them to reach higher energies [11] . Additional randomness is introduced by the finite probability for a given electron to escape from the system or become trapped in a plasmoid and further energized. 2D simulations do not capture the finite size of the system in the out-of-plane (acceleration) direction. It is thus critical to consider 3D effects. To this end we have performed full 3D simulations of reconnection between expanding plasma bubbles, with the initialization described above and the conditions M S = 2, M A = 4. They show that the out-of-plane variation does not significantly change the acceleration picture but does limit the maximum electron energy attainable. An important difference to the 2D case is the fact that the amplitude of the magnetic field is only seen to increase by ≈ 7%, in contrast with the ≈ 65% increase in 2D. The electron spectrum at t/t d = 0.25 is shown in Figure 3(b) . The spectrum exhibits a high-energy tail with a similar spectral index to the 2D case, demonstrating that the non-thermal energization survives in 3D and that the acceleration mechanisms are similar. The maximum electron energy is smaller for the 3D case, due to the finite out-of-plane size limiting the maximum energy attainable. The energization rate is also slightly smaller in 3D, due to the fact that the electrons do not see a uniform value of the reconnection electric field as they travel in the out-of-plane direction.
The finite out-of-plane size limits the distance over which an electron can be accelerated by the reconnection electric field to approximately the diameter of the bubble. Considering the effective value of the reconnection electric field is ≈ 0.5V 0 B 0 , an estimate for the maximum energy increase of an electron can then be written in terms of experimentally tunable parameters as max /k B T e = (M 2 S /M A ) (R b /(c/ω pi )). Applying this to the parameters of the 3D simulation presented above gives max /k B T e ≈ 20, which predicts well the location of the exponential cutoff of the power-law as shown in Figure 3 In summary, by performing ab initio kinetic simulations of magnetic reconnection in laserdriven plasmas, we have shown that these systems can accelerate non-thermal electrons to energies more than an order of magnitude larger than the thermal energy in conditions currently accessible in the laboratory. Electron injection at varied distances from the X-points and escape from the finite-sized system leads to a non-thermal component that resembles a power-law spectrum. Our results indicate that laser-driven plasmas thus offer a new platform for the experimental study of particle acceleration induced by reconnection, which could help illuminate the role reconnection plays in explosive phenomena associated with space and astrophysical plasmas. 
